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We investigate the interplay between the edge and bulk states, induced by the Rashba spin-orbit
coupling, in a zigzag silicene nanoribbon in the presence of an external electric field. The interplay
can be divided into two kinds, one is the interplay between the edge and bulk states with opposite
velocities, and the other is that with the same velocity direction. The former can open small direct
spin-dependent subgaps. A spin-polarized current can be generated in the nanoribbon as the Fermi
energy is in the subgaps. While the later can give rise to the spin precession in the nanoribbon.
Therefore, the zigzag silicene nanoribbon can be used as an efficient spin filter and spin modulation
device.
PACS numbers: 75.76.+j; 72.80.Vp; 73.21.b
Graphene, a two-dimensional honeycomb network of
carbon atoms, has received great attention in recent
years due to its unique physical properties and appli-
cation potentials in future nanoelectronic devices.[1–3]
The discovery of graphene forms an platform to ex-
plore the properties of two-dimensional honeycomb elec-
tronic systems. However, its compatibility with current
silicon-based nanotechnologies may face challenges. Re-
cently, strong effort has been invested to search theoreti-
cally and experimentally for two-dimensional honeycomb
structures formed by other elements, such as silicon.[4–
17] Silicene, a sheet of silicon atoms forming a honeycomb
lattice analogous to graphene, has been theoretically pre-
dicted and successfully synthesized.[4–8] Many striking
electric properties of graphene, such as zero gap, linear
dispersion of the electron band and high Fermi velocity,
could be transferred to silicene.
Different from graphene, silicene has a buckled struc-
ture owing to a large ionic radius of silicon, which creates
new possibilities for manipulating the dispersion of elec-
trons and controlling band gap electrically in silicene.[9]
Furthermore, silicene has a relatively large spin-orbit gap
of 1.55meV that may induce quantum spin Hall effect
and quantum anomalous Hall effect.[7, 11] A topologi-
cal phase transition from a quantum spin Hall state to
a band insulator can be induced by an external elec-
tric field in silicene.[10] A valley polarized quantum Hall
effect has also been demonstrated in the presence of a
perpendicular external magnetic field.[11] The extraordi-
nary transport properties of silicene nanoribbons have
also been studied theoretically. For example, Kang
et al., using first principles calculations, studied the
symmetry-dependent transport properties and magne-
toresistance effect in silicene nanoribbons.[12] The spin-
polarized current induced by a local exchange field in a
silicene nanoribbon has been investigated in our previous
work.[13]
In this Letter, we study the interplay between the edge
and bulk states induced by the Rashba spin-orbit cou-
pling in the zigzag silicene nanoribbon in the presence
of an external electric field, by using the nonequilibrium
Green’s function method. Due to the effective spin-orbit
coupling and the staggered sublattice potential induced
by an external electric field, the spin polarization in sil-
icene is opposite at different valleys, which is called the
valley-spin locking.[10] The interplay between the edge
and bulk states occurs when the Rashba spin-orbit cou-
pling exists in the silicene nanoribbon. Different from
subband mixing due to the spin-orbit coupling in the
conventional semiconductor quantum wires,[18–24] the
interplay between the edge and bulk states with opposite
group velocity opens a small, direct and spin-dependent
subgap. At a given Fermi level in this subgap, an ob-
vious spin polarized current can be obtained because of
the disequilibrium of spin-up and spin-down states with
positive group velocities (i.e., right going channels).
The silicene system with an external electric field is
described by the the following Hamiltonian:[14]
H = −t
∑
〈ij〉α
c†iαcjα + i
λSO
3
√
3
∑
〈〈ij〉〉αβ
νijc
†
iασ
z
αβcjβ
− i2
3
λR
∑
〈〈ij〉〉αβ
µic
†
iα(σ × d0ij)zαβcjβ
+ λν
∑
iα
µic
†
iαciα, (1)
where c†iα creates an electron with spin polarization α
at site i; 〈ij〉 and 〈〈ij〉〉 run over all the nearest and
next-nearest neighbor hopping sites, respectively. The
first term is the nearest-neighbor hopping with the trans-
fer energy t = 1.6eV . The second term describes the
effective spin-orbit coupling, where σ = (σx, σy, σz) is
the Pauli matrix of spin and νij is defined as νij =
(di × dj)/|di × dj | = ±1 with di and dj the two bonds
2connecting the next-nearest neighbors dij . The third
term represents the Rashba spin-orbit coupling, where
µi = ±1 for the A (B) site, and d0ij = dij/|dij |. The
fourth term is a staggered sublattice potential and its
strength λν can be tuned by a perpendicular electric field
due to the buckling distance between two sublattices of
the silicene.
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FIG. 1: (color online) The energy spectrum (a), (b) and
the corresponding spectrum of the spin < σz > (a1-a4) and
(b1-b4) of a zigzag silicene nanoribbon for λR = 0 (a) and
λR = 0.07t (b). The numbers in (a) and (b) denote the dif-
ferent states. At a given Fermi level in the subgap there exist
four different states, which are labeled as A, B, C, and D, in
which ↑ (↓)stands for the up (down) spin polarization. The
horizontal arrows in (b) point to the small subgaps in the
energy spectrum.
In order to assure the system in the quantum spin
Hall state, we set the parameters λSO = 0.3t and λν =
0.2t.[10, 11] The length of the zigzag silicene nanoribbon
L is taken to be infinite. The energy spectrum of the
zigzag silicene nanoribbon, together with the correspond-
ing eigenfunctions ϕn(kx), can be numerically obtained
by diagonalizing the Hamiltonian for each momentum kx
in the x direction.[25] The calculated energy spectrum of
the zigzag silicene nanoribbon with width W = 14a/
√
3
(Ny = 20), where a is the next nearest-neighbor distance,
for λR = 0 and λR = 0.07t is plotted in Figs. 1(a) and
(b), respectively. Edge states appear in the bulk band
gap of the energy spectrum whether there exists Rashba
spin-orbit coupling or not, since this small λR does not
lead to a topological phase transition.
Let’s focus on the top of the bulk valence band, where
it meets the edge states, i.e., subbands labeled as 2 and
3 in Figs. 1(a) and (b). Without Rashba spin-orbit cou-
pling (Fig. 1(a)), the edge states cross with the bulk
valley with opposite spin,[11] as can be seen in Figs. 1
(a2) and (a3). In this case, there is no interplay between
them due to the absence of spin-flip effects. Finite λR, on
the other hand, couples these two subbands and leads to
anti-crossings between them as seen in Fig. 1(b). There
are two cases for interplays between the edge and bulk
subbands (channels). The first case (anti-parallel cross-
ing) happens at the energy E ∼ −0.43t near the Dirac
point, between the states with opposite group velocities v
(v = 1/~(∂E/∂kx)). The second case (parallel crossing),
however, corresponds to the crossing between states with
the same direction of velocity, at the energy E ∼ −0.6t.
Notice that the subgap opened by the Rashba spin-orbit
coupling is direct (indirect) for the anti-parallel (paral-
lel) crossing, respectively. This is the essential physics
we will rely on in this work.
We also calculate the kx-dependent expectation value
of spin, 〈σz〉 = 〈ϕn(kx)|σz |ϕn(kx)〉 for the nth occupied
states. The calculated 〈σz〉 for the same parameters as
in Figs. 1(a) and 1(b) are shown in Figs. 1(a1-a4) and
(b1-b4), in which the color of the line denotes different
states. We can see from Figs. 1(a1) and (b1) that the
Dirac cone around K (K’) point is polarized with spin
up (down) due to the effective spin-orbit coupling and
the external electric field for the system with or with-
out Rashba spin-orbit coupling. If λR = 0, σz and the
Hamiltonian H commute. Therefore, σz is a good quan-
tum number, and the expectation value of spin 〈σz〉 con-
sists of just two values ±1, as shown in Figs. 1 (a1-a4).
When the Rashba term is turned on, σz no longer com-
mutes with the HamiltonianH . In this case, a continuous
variation between +1 and −1 in spin polarization of the
states with kx appear.
At a given Fermi level in the direct subgap opened by
the Rashba spin-orbit coupling, there exist four different
states labeled as A, B, C, and D. From Fig. 1(b), one
can easily find that the electrons in states A and B are
right-going waves with velocity in the positive x direc-
tion, while the electrons in states C and D are left-going
waves with velocity in the negative x direction. We can
also examine the spin polarization of the states from Figs.
1(b1) and (b2), states A and B being almost fully spin-
up polarized and states C and D spin-down polarized.
Therefore, under a definite arrangement of bias voltage,
there remains only the right-going channel with spin-up
electrons, that is, a spin-polarized current appears in the
system as the Fermi level is in the direct subgaps opened
by the Rashba spin-orbit coupling.
In order to investigate this spin polarization in a more
direct way, we calculate the spin-dependent conductance
and spin polarization using the nonequilibrium Green’s
function method. The following discussion is based on
the assumption that only the nearest-neighbor hopping
exists in the left and right leads, i.e., the Hamiltonian of
lead-p is simplyHp = −t
∑
〈ij〉α c
†
iαcjα. The conductance
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FIG. 2: (Color online) The total conductance G (a), spin-
dependent conductance Gσσ′ (b) and spin polarization P (c)
of the zigzag silicene nanoribbon vs E for λR = 0.07t.
matrix is calculated by Landauer formula[26]
G =
(
G↑↑ G↑↓
G↓↑ G↓↓
)
=
e2
h
Ny∑
i,j=1
( |tij,↑↑|2 |tij,↑↓|2
|tij,↓↑|2 |tij,↓↓|2
)
. (2)
The transmission matrix is t = 2
√
ΓLG
r
1Nx
√
ΓR, where
Γp(E) = i[Σ
r
p(E) − Σap(E)] is the line-width function
with a well-defined matrix square root and Gr1Nx that
connects the unit cells 1 and Nx along the direction of
transport is the 4Ny × 4Ny submatrix of the full Green
function matrix. The retarded (advanced) self-energyΣrp
(Σap =
[
Σ
r
p
]†
) describing the interaction of the sample
with the lead-p can be calculated numerically.[27] The
total conductance G and the spin polarization P in lead-
R can be respectively defined as
G = G↑↑ +G↓↑ +G↑↓ +G↓↓ (3)
and
P =
G↑↑ +G↓↑ −G↑↓ −G↓↓
G↑↑ +G↓↑ +G↑↓ +G↓↓
. (4)
We assume that the length of the zigzag silicene
nanoribbon is L = 100a (Nx=100). Figs. 2(a), (b) and
(c) show the total conductance, spin-dependent conduc-
tance and spin polarization versus energy E for λR =
0.07t, respectively. In Fig. 2(a), the plateau like struc-
ture of the total conductance in units of 2e2/h is observed
immediately. However, the resonance like structure is
superimposed on the conductance plateau because of the
mismatch between the central sample and the leads. Due
to the finite size effect, the edge states of the sample are
coupled with each other and a small gap in the energy
spectrum of the edge states is opened, so a narrow dip
emerges in the conductance at E = 0. From Fig. 2(b)
we can find that the spin-up and spin-down electrons are
not mixed i.e., G↑↓ = G↓↑ = 0 when the energy E is in
the bulk gap because there are only edge states protected
by topological invariants in the bulk gap. When the en-
ergy E is in the bulk band, the interplay between the
edge and bulk states induced by the Rashba spin-orbit
coupling can lead to the spin precession. Therefore in
this case, G↑↓ = G↓↑ 6= 0. It is more interesting that
as the energy E is in the direct subgaps opened by the
Rashba spin-orbit coupling, G↑↑ is very large while G↓↓ is
almost equal to zero because the electrons traveling from
left to right in the zigzag silicene nanoribbon are almost
spin up. Therefore, the spin polarization can be very
large when the energy is in the direct subgaps opened by
the Rashba spin-orbit coupling, as shown in Fig. 2(c).
The spin polarization can be also obtained at E ∼ 0.43t
due to the interplay between the edge and conduction
subbands. However, the value of the spin polarization is
smaller than that at E ∼ −0.43t because the electron-
hole symmetry is broken by the Rashba spin-orbit cou-
pling.
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FIG. 3: (Color online) The total conductance G (a), spin-
dependent conductance Gσσ′ (b) and spin polarization P (c)
vs the length L of the zigzag silicene nanoribbon for λR =
0.07t and E = −0.43t.
In Fig. 3, we show the total conductance G, spin-
dependent conductanceGσσ′ and spin polarization P ver-
sus the length of the zigzag silicene nanoribbon L for
4E = −0.43t which is in the direct subgaps opened by the
Rashba spin-orbit coupling. This case corresponds to the
interplay between the traveling edge and bulk states with
the opposite velocity. When the length of the nanoribbon
is very short, for example L = 10a, the band structure
as shown in Fig. 1(b) has not been formed well and
the electrons quickly tunnel through the sample. As the
length of the nanoribbon increases to 50a, the total con-
ductance becomes 2e2/h and the conductance G↓↓ be-
comes zero because there are only two spin-up modes
involved in transport and the spin-down electrons are re-
flected back to the left lead. Therefore, for the energy in
the direct subgaps opened by the Rashba spin-orbit cou-
pling, the spin polarization can reach a very large value
as the length of the nanoribbon increases, as shown in
Fig. 3(c).
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FIG. 4: (Color online) The total conductance G, spin-
dependent conductance Gσσ′ and spin polarization P vs the
length L of the zigzag silicene nanoribbon for λR = 0.07t and
E = −0.6t.
Fig. 4 shows the total conductance G and spin-
dependent conductance Gσσ′ versus the length of the
zigzag silicene nanoribbon L for E = −0.6t, which corre-
spond to the “parallel crossing”, i.e., interplay between
the traveling edge and bulk states with the same direc-
tion of velocities. The largest value of the total con-
ductance is 4e2/h because there are four spin-dependent
modes, including a spin-up mode, a spin-down mode, and
two spin-mixing modes, at the Fermi energy contribut-
ing to the conductance. Due to the mismatch between
the sample and the leads, the total conductance shows
resonant transmission properties. From Fig. 4 we can
see that G↑↑ = G↓↓ and G↑↓ = G↓↑, so the spin po-
larization can not occur at the energy. However, all of
the spin-dependent conductances vary periodically as the
length of the zigzag silicene nanoribbon L varies. This
periodical variation of the spin-dependent conductances
originates from the spin mixing induced by the interplay
between the traveling edge and bulk states with the same
velocity. Due to the Rashba spin-orbit coupling, the spin
precesses in the nanoribbon at the energy. As the length
gradually increases, the amount of spin rolling from left
to right will change periodically. Therefore, the perfect
spin modulation of conductance occurs in the situation
of parallel crossing.
Before arriving at the final summary, we emphasize
that the above phenomena are not a simple finite-size ef-
fect. With increasing transverse size, there will be more
bulk channels crossing the edge channels, therefore there
will be many parallel crossings (showing periodic and
spin-dependent conductances) and anti-parallel crossings
(showing spin polarization).
In summary, we study the interplay of the edge and
bulk states induced by the Rashba spin-orbit coupling
in a zigzag silicene nanoribbon in the presence of an
external electric field. We find that the interplay can
be classified two types: (i) anti-parallel crossing, the in-
terplay between the edge and bulk states with opposite
velocities, which opens small and direct spin-dependent
subgaps; (ii) parallel crossing, the interplay between the
edge and bulk states with same velocity direction, which
gives rise to the significant anticrossing of the subbands.
The spin-dependent transport properties of the zigzag sil-
icene nanoribbon are also investigated by using nonequi-
librium Green’s function method. For the former, a spin-
polarized current in the nanoribbon can be generated as
the Fermi energy is in the direct spin-dependent subgaps.
While the later can give rise to the spin precession in the
nanoribbon. The interplay of the edge and bulk states
induced by the Rashba spin-orbit coupling in the zigzag
silicene nanoribbon is different from that of subbands
in conventional semiconductor nanoribbon, in which the
Rashba spin-orbit coupling can only gives rise to the spin
precession.
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